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Abstract 
Synthetic fuels based on electricity, water, and carbon dioxide (CO2) may be necessary to cover the fuel demand in a 
sustainable transport sector based on renewable energy sources. The aim of this paper is to compare hydrogen, methane, 
methanol and diesel produced in this way. The main parameters for the analysis are well to wheel energy efficiency and 
costs, and the fuels are analysed in a Swedish context. The results indicate that methane and diesel could have the 
potential to be cost competitive in the near term, at least if common incentives for renewable transportation fuels are 
applied. Moreover, that hydrogen is the best option in terms of well to wheel energy efficiency, and that it in the longer 
term also may be cost competitive to the other fuels.  
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1. Introduction 
Sweden has pronounced far-reaching visions for introducing renewable energy and reducing greenhouse gas 
emissions: no net emissions of greenhouse gases by 2050 and, as a stepping stone, a fossil fuel-independent 
vehicle fleet by 2030 [1]. In 2012, 163 TWh of electricity was produced in Sweden, and about 20 TWh of 
this was exported [2]. The main power production technologies were hydro power (48%) and nuclear power 
(38%), followed by combined heat and power, mainly from biomass and waste, (6%) wind power (4%), and 
industrial counter pressure [2]. Consequently, the emissions of greenhouse gas emission from the electricity 
production are relatively low. The share of renewable energy of the Swedish electricity use is 60% but only 
13% in the fossil fuel-dominated transport sector [2].  
 
* Corresponding author. Tel.: +46 (0)8 790 6551. 
E-mail address: martel@kth.se. 
Available online at www.sciencedirect.com
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Applied Energy Innovation Institute
1876   Mårten Larsson et al. /  Energy Procedia  75 ( 2015 )  1875 – 1880 
The total energy end use in the Swedish road transportation sector was 86 TWh in 2012 , of which 7 
TWh were renewable fuels [2]. The most used biofuel is biodiesel (3.7 TWh), followed by ethanol (2.4 
TWh) and biogas (0.8 TWh), and the two first are mainly used as drop-in fuels [2]. There is a relatively 
high demand for renewable methane and relatively good coverage of fuelling infrastructure in major urban 
areas. The infrastructure for high-blend ethanol is well developed all over the country.  Updated Swedish 
energy prices are gathered in table 1, as a comparison to the estimated costs of the electrofuels and the 
assumptions pf electricity prices made in the studies. 
 
Table 1. Energy prices in Sweden €cent/kWh 
Methane 11.1 Current average biogas price at filling stations in Sweden [3] 
Diesel 7.9 Average diesel price at filling stations in Sweden during 2013 [4] 
Electricity spot price at Nordpol 2012  2.9 Yearly average spot price at NordPol [2] 
Electricity spot price at Nordpol 2013 3.5 Yearly average spot price at NordPol [2] 
Electricity to customer 2012-2013 3.9 Average electricity price for businesses March 2012-March 2013, including 
electricity utilities surcharge, cost of green certificates and tax [5][6]. 
 
In Sweden, the transition to renewable energy in the transport sector is more challenging than it has this 
far been in the electricity sector. As there are limitations in the biofuel production potential and in the 
applications of electric vehicles (EVs), it is relevant to explore other technologies for transferring renewable 
energy from the electricity system to the transport sector. Electrofuels, here defined as gaseous or liquid 
fuels that can be produced from electricity, water and recycled CO2, is one option. Some of the electrofuels 
may be used in the current system while others require adaption of both infrastructure and vehicles. These 
energy-carriers have also been suggested as medium to long term energy storage in fluctuating electricity 
systems, but it is uncertain if this type of intermittent use will cover the investment cost of such facilities 
[7]. In Sweden, it is likely that is will be possible to integrate more renewable energy, for example up to 30 
TWh/year of wind power, without any significant need for additional energy storage next to the available 
hydro power [8]. Several studies have evaluated the production of electrofuels [7], [9]–[12], but in this 
paper their potential use  in the Swedish transport sector is explored.  
 
1.1 Aim and method 
 
The aim of this study is to evaluate which electrofuel would be suitable for Sweden’s transition to a 
sustainable fossil fuel-independent road transport sector in the near-term, until 2030, or long-term, until 
2050. Hydrogen, methane, methanol and diesel are included in the study. The first part is an analysis of the 
well to wheel energy system efficiency from electricity to use in a passenger car, presented as a potential 
interval and an assumed likely efficiency. The second part is a compilation of costs for production and 
distribution, and total cost of ownership (TCO). The fuels are compared on the basis of energy efficiency 
and costs and discussed in relation to the Swedish energy and transport sector.  
 
Nomenclature 
PEMEC Polymer electrolyte membrane electrolyser cell  
SOEC  Solid oxide electrolyser cell 
MCEC Molten carbonate electrolysis cell 
EV Electric vehicle 
FCEV Fuel cell electric vehicle 
ICEV internal combustion engine vehicle 
 Mårten Larsson et al. /  Energy Procedia  75 ( 2015 )  1875 – 1880 1877
2. Electrofuel pathways and well to wheel energy efficiencies 
A range of fuels can be produced from electricity, water, and CO2. The dissociation of water and  CO2 is 
the basis for producing syngas that can be converted to synthetic fuels. There are different methods for this, 
but this article only includes water electrolysis and co-electrolysis of water and CO2. Polymer electrolyte 
membrane (PEM) electrolysis and alkaline electrolysis are commercially available technologies, while high 
temperature solide oxide electrolysis (SOEC) and molten carbonate electrolysis (MCEC) are under 
development. The SOEC is closer to commercialization than MCEC and can provide high energy 
conversion efficiency compared to the currently available technologies. Graves et al. [7] reviewed 
technologies for dissociation of water and CO2, and found SOEC to be the most promising technology, 
since it is near implementation and is capable of highly energy efficient co-electrolysis of H2O and CO2. 
They proposed a process with co-electrolysis of in H2O and CO2 in SOEC followed by synthesis of Fischer-
Tropsch (FT) diesel, with high system energy conversion efficiency due to heat integration between the 
SOEC and the FT-synthesis. This process was also evaluated by Becker et al. [9] and Fu et al. [13], who 
estimated lower process energy conversion efficiencies than Graves et al. [7]. The cited studies on methane 
and methanol [9], [11], [12], [14]–[16] assumed alkaline electrolysis, followed by reaction with CO2. The 
CO2-source is commonly suggested to be a relatively concentrated stream from an industrial process, which 
means that the CO2-source will decide both the size and the location of the potential plant. The following 
assumptions are made for the energy efficiency analysis of the fuel chains in table 2. It should be noted that 
the cited studies differ in assumptions, such as technology choices, scale, and process integration options.  
• Hydrogen is compressed to 200 bar and delivered by lorry to the filling station. The hydrogen is stored 
at 700 bar in the fuel cell electric vehicle (FCEV).  
• Methane is compressed to 200 bar and delivered by lorry. The pressure is slightly increased at the 
filling station to allow transfer to the 200 bar tank in the internal combustion engine vehicle (ICEV).  
• Methanol is distributed in an infrastructure similar to the currently available infrastructure for liquid 
transportation fuels.  
• FT diesel is used in the current fuel infrastructure and transport system. 
• Methane, methanol and diesel are used in ICEV dedicated to each fuel respectively. 
The production efficiencies for each synthetic fuel are combined with average energy efficiencies for             
distribution and vehicles to estimate total system efficiencies that are summarised in table 2. 
 
Table 2. System energy efficiency (LHV) from electricity to use in the vehicle, the production efficiency only refer to electricity, and 
process heat at different temperatures may be needed or available for integration. Assumed likely efficiencies in brackets 
Production 
Distribution + final 
compression 
Vehicle 
efficiency Total Ref 
Hydrogen to FCEV 55-84% (75%) 69-81% (74%) 35-50% (45%) 13.3-34% (25%) [17]–[24] 
Methane to ICEV  50-65% (60%) 91-99% (95%) 17-26% (25%) 7.7-16.7% (14,3%) [9], [14], [22], [25], [26] 
Methanol to ICEV 38-68% (55%) 98% 23.5-25% (25%) 7.4-16.7% (13,5%) [11], [12], [22] 





Estimated production costs for electrofuels are available (table 3), but the range in the estimates is broad, 
partly due to the variations in the assumptions used in the studies. The estimates are in the same range for 
hydrogen, methane and methanol, although lower estimates are available for methane than for methanol 
(table 3). The estimates for FT-diesel reveal considerably higher costs than for the other fuels; the estimated 
costs for FT diesel also display the broadest range where the lowest estimate is about eight times lower than 
the highest. As electricity is a major part of the production cost, the assumptions regarding electricity price 
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are central in the cost estimates, and the Swedish prices (2.9-3.9 €cent/kWh, see table 1) are within the price 
range assumed in several of the cited studies [7], [10], [13], [27]. Tremel et al. [16] consider hydrogen as 
input to the process instead of electricity, and in their capital budgeting the hydrogen cost generally makes 
up about 70% of the total cost of different electrofuels. Hence, the costs estimates for methane and FT-
diesel that are lower than the lowest estimates for hydrogen [7], [15] may be considered optimistic. The 
scale and the capacity factor for the equipment are also important for the total specific cost of hydrogen. 
According to some of the studies, for example Becker et al. [10], intermittent use of the equipment, i.e. low 
capacity factors, will lead to a significantly higher specific fuel cost. 
 
Table 3. Production costs €cent/kWh 
Hydrogen Methane Methanol FT-diesel 
4.8-15.5 [28] 3-4.4a [15] 7.9-12.3 [12] 4.3-6.1d [7] 
6.6-15.7 [29] 12.4b [27] 9.1-11 [30] 10.5-35.9e [10] 
16.9c [16] 17.9c [16] 14.3-23.2f [13] 
17.6c [16] 
aFuel production based on a 180 MW solar or wind power park, respectively. 
bDemo-scale, 1.2 MW methanation reactor. Electricity price: 4.7 €cent/kWh. 
cInput of 7500 t hydrogen (3€/kg) per year. 
dElectricity price: 1.6-2.4 and 3.2-4 €cent/kWh, respectively.  
eElectricity price: 2.4-7.2 €cent/kWh. 
f Electricity price: 1.6-11.2 €cent/kWh, and capacity factor of 90 and 40. 
3.1 Distribution infrastructure  
The distribution cost for the fuels are increasing with decreasing energy density in the fuel: diesel (0.7 
€cent/kWh [10], methanol (0.5-3.1 €cent/kWh [12], [31]), methane and hydrogen (2.4-11 €cent/kWh [32]). 
The delivery costs for methane and hydrogen depend on local conditions and technology choices, but the 
costs of converting a conventional filling station for delivering hydrogen (€1.1 million), methane (€0.71 
million) or methanol (€0.16 million) give an indication of how large the differences can be [33].  
3.2 Total cost of ownership 
Total cost of ownership (TCO) is a method for comparing the lifetime economy of powertrains. Methane, 
methanol and diesel are all used in ICEVs, and although the diesel engine is the most efficient today, 
dedicated engines for the two other fuels can potentially reach efficiencies not far from the diesel vehicle, 
and also similar TCO. This is already the case for methane in Sweden, if the current subsidies are included 
[34]. Similar TCO for FCEVs and ICEVs, and also other powertrains, have been estimated to be possible 
between 2025 and 2035 [35]–[37]. McKinsey [38] estimated this to occur around 2030, and that there 
would be an additional ownership cost for a FCEV of €10,900 in 2020 and €3,600 in 2030, while IEA 
estimated and additional purchase cost of €2,000-€6000 in 2030. It should be noted that prices for 
conventional liquid fuels are used for ICEVs in the cited TCOs, and that the same fuels produced from 
electricity likely would be more expensive. Hence, when only comparing fuels from electricity, the TCO for 
FCEV may be competitive at an earlier time. However, the purchase cost for the vehicle will in any case be 
the major part of the TCO.  
 
4. Concluding discussion 
 
According to the cost estimates, methane produced from electricity (3-16.9 €cent/kWh, see table 3) seem 
to be competitive to renewable methane in Sweden considering the current price (11.1 €cent/kWh, see table 
1), but it should be noted that a significant part of the total cost relates to distribution and this is not 
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included in the cost estimates. Renewable methane is currently subsidized through exemption from carbon 
dioxide and energy tax, whereas, for fossil fuels, about half of the market price consists of these taxes. In 
Sweden, there is a relatively good coverage of refuelling infrastructure for methane in the south part of the 
country and there is a demand for renewable methane. For FT-diesel, the most optimistic cost estimates 
would make this fuel competitive on the market, at least with tax exemptions, and it can immediately be 
used in the current transport system. Methanol requires adaptions of the current fuel infrastructure and 
engine technology, but despite that, methanol may be competitive to methane and diesel. These three fuels 
have comparable energy system efficiencies, while the estimates reveal higher systems efficiencies for 
hydrogen (see table 2). Moreover, hydrogen can be produced at a lower cost than the other fuels, since it is 
more or less the basis for all of them. However, the cost for hydrogen infrastructure could amount to more 
than half of the final price (see table 2 and section 3.1), meaning that it is still difficult to reach a low total 
fuel cost. Efficient use of hydrogen require FCEV:s, which are currently in an early introduction phase and 
thus more expensive than other vehicles, but has the potential to reach a TCO in level with the other vehicle 
types. When considering these factors and also that FCEV:s have zero local emissions, hydrogen seems like 
the most interesting electrofuel in the long-term. But, in the near-term, with the current infrastructure and 
vehicles, methane seems like the most feasible solution, and perhaps also diesel. Although the FT-process is 
further from commercialisation than the methane production process.  
To summarize, the studied electrofuels have the potential to become cost competitive to fossil fuels and 
especially to other renewable fuels, perhaps even in the near-term perspective. Moreover, considering the 
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